mountains. This is mainly due to similar soil properties, especially the constant soil moisture in the root zone and the high humus content, which generally causes a low thermal soil conductivity at all sites. Root zone heat flux (-0.1 m), as suggested by previous studies, is not only the result of a reduced sky view factor due to canopy shading of the forest ground. It has proved to be also significantly dependent on the air-soil temperature difference and the influence of turbulence due to an increased wind speed. However, the root zone temperature (-0.1 m) is colder under forest ground which is mainly due to the better thermal insulation by means of a well-developed organic layer (moss-/peat-like) in comparison to the bunchgrass sites.
Additionally, the daily mean of root zone temperature is mostly lower than assumed necessary for root growth in the course of studies conducted in the Swiss Alps. Finally, -0.5 m soil temperature is not constant in the course of the year. During the observation period presented here, this was due to a cold "La Nina" event, probably as a combined effect of increased moisture at deeper soil levels by extensive daily precipitation, increased nocturnal radiation and higher turbulence by cold trades. tional pasture systems and periodic burning. On the other hand, KORNER (1998) presents evi dence for the growth limitation hypothesis on the basis of global soil temperature observations. He stated that close tree canopies at the tree line create cold soils with a reduced soil heat flux due to shading effects which im pair root activity. Hence, he concluded that the soil temperature in the root zone (-0.1 m) is of major im portance for tree growth in relation to the altitude of the upper tree line. For Pinus cembra in the Central Swiss Alps he shows that root growth starts at >3 ?C but does not reach a sufficient intensity at temperatures less than 15-. ^ ^ #.
-7.5 Fig. 1 ). This station shows a unique climatic regime which is typical for the altitudinal belt between approximately 900 and 3600 m asl of the eastern Andean slopes, particularly for the region of the "Ceja de la montana" (for details refer to bendix a.
Latjer 1992). It is characterised by only one rainy sea son with a maximum in June/July (Fig. 2 d) and rela tively dry seasons between October and February. The : 1963-1985) und Micacocha (4000 m ii. NN) (Periode: 1965 (Periode: -1966 (Periode: u. 1987 (Periode: -2000 served for the rainy season from July until October (Fig. 2 a) . In contrast to the climate of the eastern slopes, the situation on the western slopes reveals the typical yearly course of the inter-Andean Quito basin with two rainy seasons, peak rainfall in April and Octo ber, a main dry season in July-August and a second relatively dry period in December-January ( The highest humus content is observed at the lower sites under bunchgrass and the forest patches, but it From this theoretical concept, the propagation time of a sine-shaped heat wave can be derived as follows (Stoutjesdijk a. Barkmann 1992):
2n-dD Table 3 shows the resulting propagation times for a daily heat wave to 0.1 m soil depth which vary from 5.1 hours at site 7 to 7.6 hours at the most humic site 2. Fig. 6 . The -0.5 m soil temperature at the tree line (~ 4100 m asl) ranges between 4.3 to 4.6?C (L6, L3), the difference to the adjacent bunchgrass plots amounts to 0.8 ?C (L7-L6) and 1.2?C (L4-L3) and is significantly lower than reported in MlEHE a. MlEHE (1994) and WlNIGER (1979) . This is mainly due to the similar soil components (non-organic material, humus, soil moisture). The same behaviour is observed for the lower sites of forest and bunchgrass (Logger 1 and 2).
Mean yearly temperature is 5.9?C in the forest, with a difference to the grass plot of 0.9?C (L2-L1). With 4.7 ?C, the Polylepis pauta forest on the eastern slopes is slightly colder due to wetter and more humic condi tions. Consequently, greater differences to the adjacent bunchgrass occur (L10-L9 = 1.9?C). A relative high yearly average of 5.2?C is observed for the transition zone at logger 5, whereas the highest point is signifi over the year is similar at all logger sites (Fig. 8) . A significant temperature depression is observed, which is centred on August 1999. The mean monthly maximum is reached for the most sites between December 1999 and January 2000. The average difference between the monthly minimum and maximum temperature varies from 1.1 ?C in the forest at site 1 to 2.8?C in the tran sition zone at site 5 (Tab. 4). It should be noted that the temperature difference between the forest and the adjacent bunchgrass sites becomes significantly smaller during the cold period, with the exception of sites 9/10. Additionally, the differences between absolute mini mum and maximum soil temperatures during the ob For the other forests, significandy colder soils are ob served. At sites L6 and L9, 50% of the hours are colder than 4.7?C and at L6 even colder than 4.3?G. 
Root zone (-0.1 m) heatflux
The soil heat flux (Fig. 9 ) under a reference surface (short cut grass, no inclination, 100% sky view) was measured for comparison purposes during a 24 h period of relatively calm and sunny weather with re duced cloudiness. Generally, soil heat flux in the root zone reflects the trend of solar irradiation with a time lag of approximately 1 hour. A comparable phase shift was also observed for bare soils in other studies (e.g. COLLIER et al. 1996) . During daylight, the soil heat flux is positive, which means that flux is orientated from the soil surface downward to the root zone whereas it becomes negative at night, which marks a transfer of energy from the root zone to the soil surface and the at mosphere. The maximum downward flux of 34.78 W m-2 is reached at 14:18 LT, following a peak in global radiation of 1020 W m~2. Two peaks of solar irradia tion in the afternoon are also reflected in the heat flux as a momentary weakening of the general decrease. 15~ -1000 15~ -1000 10-.
-800 10--800 0  9  10  11  12  13  14  15  16  17  18  9  10  11  12  13  14  15  16  17 0  9  10  11  12  13  14  15  16  17  18  9  10  11  12  13  14  15  16  17  18 speed (Tab. 6). Due to clear nights, the soil heat flux in the morning hours is significantly lower than in March 1999. Hence, the maximum of soil heat flux on both days is reached with a delay of approximately three hours compared to the maximum of global radia tion which is rather strong until noon. However, this weather situation causes a well developed thermal wind system so that up-valley winds from the Quito basin (SW-W) replaced the south-easterly stream flow of the morning hours from 11:00 to 17:00 on 18th July. On 19th July, up-valley winds between 13:00 and 16:00 LT caused deep convection, increased cloudiness and a snow-hail shower as well as sleet in the afternoon. As a result, the heat flux in the root zone was higher on 18th
July than during the next day.
Although the daily course of soil heat flux in the root zone is similar to the development of global radiation, the comparison of daily integrated values of global ra diation (jQgr0) and the daily amplitude of soil heat flux (AH) do not show such a clear relation. A correlation yields only r2 = 0.15. On the other hand, the mean air temperature (T2a) shows a significantly stronger corre lation (r2 = 0.69) with the AH. Hence, the air temper ature seems to be more important for the soil heat flux in the root zone: The lower the mean air temperature, the lower the daily amplitude of soil heat flux. How ever, the average air temperature itself is highly cor related (r2 = 0.84) to the daily integral of global radiation, which means that not the radiation at one specific point but the increase in air temperature in a wider area (or synoptically induced cooling) seems to dominate the soil heat flux at a single point. The same comparison is performed for the forest sites LI and L6 ( Fig. 11 ; Tab. 6). As expected, the rela tion between the daily course of root zone heat flux and solar radiation on the forest ground is less significant than was obtained for the bunchgrass sites. Site LI is characterised by a lighter canopy layer (sky view = 28.5%) which is more dense for L6 (sky view = 14.2%).
Consequently, the integrated solar radiation reaching the forest ground (jQfr0//Qgr0) is lower at site L6 com pared to site LI during both cloudy (March 99, LI = 17.7%, L6 = 8.5%) and sunny conditions July 00, LI = 30.1%, L6 = 17.7%) (Tab. 6). Like the relation of sky view for site L1:L6, the relation of radiation reaching the ground is approximately 2:1. One hypothesis, which is discussed by KORNER (1998) perature is significantly weaker (r2 = 0.35). This can be explained by the weather situation. On 16th July, the soil heat flux is negative most of the day, which means heat is transferred from the root zone to the forest ground (Fig. 11) parameter for the development of soil temperatures in the root zone during other studies (green et al. 1984) . On the following day, the air temperature was sig nificantly higher than the root zone temperature in the forest and the wind speed was reduced, which leads to a positive soil heat flux, although solar radiation on the forest ground was significantly lower due to the reduced sky view at logger site 6 (Tab. 6). 
Soil heatflux and soil temperature
The influence of root zone thermal properties on deeper soil levels is presented in Fig. 12 the theoretical time lag which is presented in Table 3 . At site L2, delay between minimum and maximum -0.1 m temperature amounts to ~7.5 h (7.6 h in Tab.  3) and for site L7 to ~6 h (5.1 h in Tab (Fig. 13) . At all depths, the daily ampli tude in soil temperature is lower in comparison with the bunchgrass sites. Although the -0.1 m heat flux can be come clearly positive (site L6), the heat flux at deeper levels remains negative, which means a flux direction towards the root zone. Consequently, the -0.5 m soil temperature at both sites is warmer than at the root zone, which is opposite to the situation at the bunch grass sites.
This effect cannot be due to thermal properties of the soil itself as reported in Table 3 because for in stance, both forest sites reveal a faster propagation time for a sine shaped heat wave than the bunchgrass site L2.
Consequendy, the insulation of the soil surface due to the peat-like organic layer in combination with the reduced irradiation on the forest ground during the day and a reduced air temperature in the forest which is significandy colder than the soil temperature, especially during cold trade events, cause a reduced penetration depth of solar heating and the resulting colder soils in the forest. Thermal insulation by means of organic layers has been proven to produce significantly colder soils (up to 4?C in comparison to sites without an organic layer) also during other studies (HOGG a. LlEFFERS 1991).
Although only single day observations of the -0.1m soil temperature are available, the mean daily root zone temperature (9:00-18:00 LT) meets the required threshold temperature for root growth (>6-7?C, as presented in KORNER 1998 for the Swiss Alps) on only one day (03-12-99). The root zone temperature was significandy lower on the other days, also keeping in mind that mean temperatures would become still lower by accounting for measurements from 0:00-23:59 LT, which are currently not available (Tab. 7).
Discussion
The study has shown that the -0.5 m soil tempera ture in forests at the upper tree line, which is often used to estimate the ecological heat capacity for tree growth, is significandy lower in the Paramo of Papallacta than is reported for other tropical sites. Additionally, it has been proven that the -0.5 m soil temperature is not constant in the course of the year but reached a distinct 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 150-i- (4020 m asl), respectively. Especially the small difference between the -0.5 m soil temperatures of forest and bunchgrass sites in the Paramo of Papallacta, which is proven to be mainly due to the better insulation on the forest ground by a well developed organic layer, is of great importance for the discussion of the potential position of the upper timberline in the study area. It agrees with the hypo thesis which is given in L^EGAARD (1992) and LAUER et al. (2001) that the Grass-Paramo is mainly man-made and that its thermal conditions are suitable for tree growth up to 4100 m asl. Therefore, the extended patches of Polylepis forest, which presently form the upper tree line at this altitude, mark the potential upper timberline of the study area.
It should be stressed that the presented relations be 
